Background: The increase in infections as a result of multi-drug resistant strains of
Introduction
Infections from multi-drug resistant (MDR) Escherichia coli are a significant global health care threat 1 . Despite being an extremely diverse species, MDR in E. coli is largely confined to strains capable of causing extra-intestinal infections (ExPEC) such as urinary tract infections (UTI) and bacteraemia [1] [2] [3] [4] . Over 50% of E. coli strains isolated globally from UTI and bacteraemia cases exhibit resistance to three or more classes of antibiotic, termed MDR. This resistance phenotype is primarily driven by the acquisition and stable maintenance of large MDR-plasmids containing multiple resistance genes 2 . The rapid global dissemination of MDR E. coli is particularly associated with carriage of plasmids containing genes encoding extended-spectrum b-lactamases (ESBL) which confer resistance to third-generation cephalosporins 5 .
The carriage of MDR plasmids containing ESBL genes renders E. coli susceptible only to the carbapenem class of antibiotics and the last-resort antimicrobial compound colistin 5 . However strains of E. coli are now being reported which contain plasmids containing β-lactamases conferring resistance to carbapenems (carbapenemases) and the mcr-1 gene which confers resistance to colistin 6-9 .
The global dissemination of ESBL E. coli is attributable to the rapid global dispersal of a small number of E. coli lineages. The most dominant of these is the ST131 lineage which is predominantly associated with carriage of the CTX-M- were recovered in the hospital. Both isolates were recovered on admission to the hospital from two different patients.
Genome sequencing
The ST167 and ST617 strains isolated in Chengdu were cultured in LB broth at 37 degree Celsius overnight. DNA was extracted using QIAamp ® DNA Mini Kit (QIAGEN) and 150 bp paired-end library of each strain prepared and sequenced using the Illumina HiSeq X Ten platform (raw data accession numbers 
Phylogenetic analysis
Separate pan-genomes were constructed for the ST167 and ST617 datasets using Roary 16 with the --e --mafft setting to create a concatenated alignment of core CDS.
The alignments were used to infer ST167 and ST617 phylogenies using RaxML 17 with the GTR-Gamma model of site heterogeneity and with 100 bootstrap iterations.
Carriage of MDR beta-lactamase genes was annotated on the trees using Phandango (https://jameshadfield.github.io/phandango/), and geographical source was annotated onto the trees using iTOL 18 .
High-resolution SNP outbreak analysis
The ST167 genomes associated with the Chengdu outbreak were analysed by mapping raw reads against the E. coli MG1655 (ST10) reference genome (Accession number: NC_000913.3). Maping was performed using bowtie2 19 and the resulting alignment processed with samtools and vcffilter to keep only SNPs with a minimum quality of 30, a minimum read depth of 10, and a minimum allele frequency of 0.9 20 . Indels were also removed, and SNPs located in mobile elements such as IS elements, transposons, and phages were also removed. This final SNP profile was used to create a consensus sequence for each genome which was aligned using the parsnp alignment tool in Harvest 21 . Analysis of the resulting alignments identified multiple large scale recombination events in the ST167 genomes relative to MG1655, and so these were also removed using Gubbins 22 to provide a final high-resolution SNP profile of the outbreak.
Plasmid sequence analysis
The bla NDM-5 containing plasmid from ST167 strain 0215, designated pNDM5 was recovered by conjugational transfer, using E. coli strain J53 as the recipient and 4 μg/ml meropenem plus 150 μg/ml sodium azide as the selective antibiotics. A complete plasmid sequence was obtained by circularizing plasmid fragments assembled from Illumina reads using conventional PCR and Sanger sequencing.
Further analysis on the complete sequence of pNDM5_0215 revealed that it was a 47-kb IncX3 plasmid and there were no antibiotic resistant genes other than bla located on the same plasmid 23 . The resulting plasmid sequence was used as a reference to align contigs from the ST167 outbreak strains and ST617 Chengdu strains by pairwise Blastn using BRIG 24 . Comparison was also made with the bla OXA-181 containing plasmid previously isolated from Chengdu 25 .
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Results
Presence of E. coli ST167 and ST617 strains containing the NDM-5 carbapenemase resistance gene in an ICU ward in West China Hospital.
A total of ten isolates of E. coli containing bla NDM-5 were obtained during the investigation. Nine of these isolates belonged to sequence types ST167/617, which 
ST167 and ST617 are both globally disseminated lineages of MDR E. coli
showing frequent independent acquisition of carbapenem resistance.
We sought to contextualise our Chengdu isolates by obtaining a wider collection of ST167 and ST617 genomes. We searched the Enterobase E. coli database and recovered a total of 87 genomes of ST167 (table S1) ESBL gene (Fig 1A) suggesting a clonal expansion in the lineage associated with bla CTX-M-15 carriage as in the pandemic E. coli ST131 lineage 26, 27 . Annotation of the ST167 phylogeny with β-lactamase gene carriage (Fig 1B) shows a very different pattern of emergence, with multiple independent acquisition of carbapenemase across the phylogeny including bla NDM-1 , bla NDM-5 , bla NDM-7 , bla OXA-181 , and bla KPC-3 .
For both phylogenies there is clear evidence of inter-continental movement of bacteria, with geographical source being randomly distributed across both phylogenies (Fig S1, Fig S2) . Analysis of the ST167 phylogeny confirmed the presence of the Chengdu isolates as a monophyletic cluster, but nestled within the outbreak is a genome downloaded from Enterobase, genome DHQPCR312 (Fig 2) .
Recovery of the Biosample data for this strain from the NCBI SRA archive shows that this strain was isolated from a urine sample in New York state, USA and was deposited into NCBI in January 2016. Curiously this strain does not contain NDM-5 but rather contains bla OXA-181 and bla CTX-M-11 .
SNP analysis confirms inter-continental transmission of an MDR E. coli ST167 outbreak.
We sought to investigate the unexpected appearance of a US isolate with altered MDR gene carriage in the middle of our Chengdu outbreak phylogeny. We obtained the raw fastQ sequence data for the US strain DHQPCR312 from the NCBI SRA archive (Accession number: SRR3222296) and mapped reads of all the outbreak strains against E. coli MG1655, which is an ST10 strain. The resulting alignments were filtered to leave only high-resolution SNPs, with nucleotide distances in general agreement with those obtained from the cruder assembly-derived core CDS alignment (dataset S1). The high-resolution SNP phylogeny of the outbreak shows three distinct branching events, each separated by 50-100 SNPs (Fig 3) , despite isolation dates in the three groups overlapping. The data also shows that the US isolate DHQPCR312 is also clearly connected to the Chengdu ICU outbreak despite having a different MDR gene carriage profile. Such an observation is not consistent with sustained patient-to-patient transmission in the affected ICU 28 . Rather it is consistent with the continued transmission of the strain into patients in the ICU from a central reservoir 28, 29 .
Plasmid analysis identifies rapid gene switching in MDR plasmids of E. coli

ST167.
We sought to determine the reason behind the different MDR gene profile in the US strain DHQPCR312 compared to the Chengdu isolates. Crude mapping of the US strain against the Chengdu isolate 0215, and vice versa suggested very little difference in the genomes, even in the plasmid region. We isolated the bla plasmid from strain 0215 by conjugational transfer into an E. coli K12 host, and obtained a complete plasmid sequence. We then mapped the contigs of each outbreak isolate to the pNDM5_0215 sequence and visualised using BRIG. Our data shows that the NDM-5 plasmid sequence is present in all the outbreak strains including the DHQPCR312 strain from the US. However in the US strain there is deletion in the region that contains the bla NDM-5 gene (Fig 4A) . We noted that a bla OXA-181 plasmid had been isolated from an unrelated strain (E. coli of ST410) in
West China Hospital at the same time as this outbreak was being investigated, and had been sequenced by our group 25 . We aligned the bla OXA-181 and bla NDM-5 plasmid sequences and mapped the contigs of DHQPCR312 against the alignment (Fig 4B) .
Our data clearly shows that the bla OXA-181 plasmid is identical to the bla NDM-5 plasmid, except for a region containing the bla NDM-5 gene being swapped for an bla containing locus. Our data also shows that this is the exact same plasmid as is present in US strain DHQPCR312. and bla KPC-3 carbapenem resistance genes have also been acquired in independent episodes in this lineage.
Perhaps more significant is our identification of carbapenem resistance in the E. coli ST167 lineage. Our data shows that this is a globally disseminated lineage of E. coli, and that is has acquired an alarming array of ESBL and carbapenem resistance genes on multiple independent occasions. Identified in the lineage were bla NDM-1 , Figure 4: Alignment of contigs from the US ST167 outbreak strain DHQPCR312 using (A) pNDM5 as a reference, and (B) pOXA-181 as a reference. The alignment is a pairwise blastn alignment performed using BRIG.
A B Figure S1 : Maximum likelihood phylogeny of a global collection of ST167 strains. The phylogeny is inferred from an alignment of concatenated core CDS sequences as determined by Roary. Annotation denotes the geographical region from which sequenced strains were isolated. 
